The genome DNAs from the Panolis flammea (Pf) multiple nucleocapsid nuclear polyhedrosis virus (MNPV) and the Mamestra brassicae (Mb) MNPV were analysed with the restriction endonucleases BamHI, BgllI, KpnI, HindlII, Sinai and XhoI. The profiles produced by each enzyme for the two virus genomes were quite dissimilar with very few comigrating fragments. The size of PfMNPV DNA was calculated to be 145 kilobase pairs (kbp) and that of MbMNPV 150 kbp. Physical maps of the two genomes were constructed utilizing the above enzymes. The two maps were oriented in relation to their putative polyhedrin genes. Alignment of the two restriction maps for PfMNPV and MbMNPV was achieved by performing cross blot hybridization between XhoI digests of the two virus genomes. This showed that despite differences in the physical maps the two genomes shared overall similarity in gene organization. The two viruses were also compared using dot blot hybridization analysis to quantify homology with Autographa californica (AC) MNPV. These data showed that both PfMNPV and MbMNPV were distantly related to AcMNPV but exhibited a high degree of homology to each other (nearly 100% in 20% formamide, 70% in 50% formamide).
INTRODUCTION
Baculoviruses have been considered for use as biological insecticides because their replication is confined to invertebrates, particularly Lepidoptera, Hymenoptera and Diptera. They also have a narrow host range which permits targeting against specific pests. The nuclear polyhedrosis viruses (NPVs) have received particular attention in this respect. The Panolis flammea (Pf) multiple nucleocapsid NPV (MNPV) has been evaluated as a pesticide for controlling the pine beauty moth in Scotland (Entwistle & Evans, 1987) . However, little information is available on its biochemical characteristics which makes verification of authentic PfMNPV field deaths after pesticide application difficult. Another MNPV from the closely related cabbage moth Mamestra brassicae (Mb) has been analysed with regard to host range and virulence AUaway & Payne, 1984) and biochemical characteristics (Kelly & Brown, 1980; Vlak & Gr6ner, 1980; Brown et al., 1981) . Both viruses can replicate in either insect host species (P. flammea and M. brassicae) and cause similar mortality although detailed reciprocal infectivity studies in putative hosts have yet to be completed. The similarity in host range raised questions as to the biochemical relatedness of these two viruses. Since the current convention is to name baculoviruses after their original host species (Matthews, 1982) it is quite possible that PfMNPV and MbMNPV are genetically identical viruses, or at least very closely related. A similar situation pertains with Autographa californica (Ac) MNPV, Trichoplusia ni (Tn) MNPV, Galleria mellonella MNPV, Rachiplusia ou MNPV and an isolate of Spodoptera exempta MNPV. These were isolated from different hosts but biochemically are essentially identical (Miller & Dawes, 1978; Smith & Summers, 1979; Summers et al., 1980; Brown et al., 1984 Brown et al., , 1985 .
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Physical maps were constructed for PfMNPV and MbMNPV DNA and their genomes compared using DNA dot blot hybridization and cross blot hybridization to determine the interrelationship of the two viruses. The position of the polyhedrin gene was also identified in each genome. The results allowed the two baculovirus genomes to be aligned with each other. Although the two restriction maps varied considerably it was evident that the overall genome organization was basically the same in each virus. We conclude therefore that the viruses are closely related. A baculovirus isolated from S. exigua larvae was mapped with restriction enzymes and identified as a strain of MbMNPV by comparison with previously characterized viruses from M. brassicae (Vlak & Gr6ner, 1980; Wiegers & Vlak, 1984) . The virus was also infectious for M. brassicae larvae (Wiegers & Vlak, 1984) . However the MbMNPV isolate in this study appeared to be different to that strain. The results presented in this report call into question the wisdom of naming baculoviruses after the host insect from which they were isolated.
METHODS
Viruses and insects. Panolisflammea MNPV was isolated from P.flammea larvae collected in Scotland in 1979. The virus was produced in the laboratory in cultures of the closely related cabbage moth, M. brassicae (Lepidoptera: Noctuidae) maintained on a modification of Hoffman's Tobacco hornworm diet (in Hunter et al., 1984) . This was necessary as P.flammea is difficult to maintain in laboratory culture. The progeny virus from each insect was identical as determined by restriction enzyme analysis (R. D. Possee, unpublished data). The virus was classified as a multiple nucleocapsid baculovirus on the basis of sections of polyhedra examined in the electron microscope and the characteristic multiple banding of the virus particles from the polyhedra in velocity sucrose gradients (Harrap et al., 1977) .
The MbMNPV (Oxford strain) has been maintained in M. brassicae insects at Oxford for several years and was found to have minor differences in restriction enzyme fragment profile when compared with the original German isolate (Brown et al., 1981) . Polyhedra and virus particles were purified from infected larvae as described by Harrap et al. (1977) .
Virus DNA purification and restriction enzyme digestion. Virus DNA was extracted from purified virus particles by lysis in Sarkosyl and centrifugation in caesium chloride gradients (Brown et al., 1977) . The DNA was harvested and then dialysed at 4 °C against TE (10 mM-Tris-HC1 pH 7.8, 1 mM-EDTA). The DNA was digested with restriction endonucleases using conditions recommended by the supplier (Bethesda Research Laboratories). The fragments were analysed in 0-6% agarose gels using a Tris-borate buffer system (Maniatis et al, 1982) .
Radiolahelling of virus DNA. Virus DNA was radiolabelled to high specific activity (10 s c.p.m./~g) using the nick translation method (Rigby et at., 1977) . For cross blot hybridization studies or for secondary digestion of isolated DNA fragments a modification of the nick translation method was used (nick repair). In this protocol extra deoxyribonuclease was omitted from the labelling reaction which contained DNA digested with restriction enzymes, thus preserving the integrity of the high molecular weight DNA fragments. For size determinations DNA fragments were end-labelled using an Escherichia coli DNA polymerase I Klenow fragment fill-in reaction for recessed 3' ends or T4 DNA polymerase for recessed 5' ends (Maniatis et al., 1982) . Lambda DNA digested with the restriction enzymes HindlII, EcoRI, SalI or SmaI and then end-labelled with [32p]dNTPs provided molecular size standards.
Purification of DNA from agarose gels. Unlabelled DNA fragments were fractionated in 0.6% low gelling temperature (LGT) agarose gels containing Tris-borate and ethidium bromide. The bands were identified using long wavelength u.v. and excised from the gel. The gel slice was melted at 65 °C, diluted to 0-2% agarose in 100 mM-Tris-HCl pH 8.0, cooled to 37 °C and mixed with ph6nol for 30 rain at 37 °C. The organic and aqueous phases were separated using a microfuge and the aqueous layer was re-extracted briefly with phenol/chloroform (1 : 1) in TE. After recentrifugation the DNA was precipitated with ethanol at -20 °C, pelleted, washed with 75 % ethanol and redissolved in TE.
Radiolabelled DNA fragments required for secondary restriction enzyme digestion were also fractionated in an LGT gel. The gel was then dried onto Whatman 3MM paper using a Bio-Rad vacuum drier without heating. The gel was exposed to Fuji X-ray film for about 1 h at room temperature. The developed film was used as a template to cut out the radiolabelled DNA fragments. These dried slices were rehydrated in TE at 65 °C for 15 min and the 3MM paper was removed. The DNA was then ready for redigestion with restriction enzymes as described above but with the addition of bovine serum albumin (BSA) to I00 ~tg/ml.
Southern blot hybridization. Single-dimension conventional Southern blots onto nitrocellulose (Southern, 1975) were prehybridized for 16 h at 42 °C in 50% formamide, 3 × SSC, 50 mM-HEPES pH 7-0, 0.1% each BSA, Ficoll and polyvinylpyrrolidone (PVP) and 10 ~tg/ml denatured, sheared salmon sperm DNA. This solution was replaced with a similar one containing 0.02% BSA, Ficoll, PVP and nick-translated DNA. The filter was hybridized at Physical maps of baculovirus DNA 1287 42 °C for 18 h then washed four times for 5 rain in 2 × SSC at room temperature, and twice in 0.1 × SSC at 65 °C for 10 rain. The filter was dried and exposed to X-ray film.
Cross blot hybridization. Two-dimensional Southern blot transfers were performed essentially as described by Whalley et al. (1981) . In the first dimension 5 to 10 ~tg of restriction endonuclease-digested DNA was fractionated in a 0.6~ agarose gel using a wide well (13 cm) with an additional small well containing radiolabelled DNA digested with the same enzyme. The DNA was denatured in the gel for 1 h in 1-5 M-NaCI, 0.5 M-NaOH and then neutralized with 3 M-NaCI, 0-5 M-Tris-HC1 pH 7.0. The DNA was transferred to a nitrocellulose filter with 20 x SSC overnight at room temperature (Southern, 1975) . The filter was washed briefly in 2 × SSC, dried at room temperature and then baked at 80 °C for 2 h. The second dimension gel contained fractionated DNA fragments produced by the same enzyme used for the first dimension, or a different enzyme and radiolabelled to high specific activity by nick repair. The gel was treated with alkali and then neutralized as before but with a final additional 30 min wash at 37 °C in cross blot transfer buffer (50~ formamide, 5 x SSC, 0.02~o Ficoll, BSA, PVP and 10 p.g/ml denatured, sheared salmon sperm DNA). The first dimension filter was then placed at right angles across the second gel in a Southern blot apparatus and the DNA transferred to it with cross blot transfer buffer at 37 °C for 18 h. The apparatus was wrapped in 'Clingfilm' to reduce evaporation. The cross blot was then washed as described above and exposed to film.
Dot blot hybridization.
Virus DNA was denatured and applied to nitrocellulose filters as described by Kafatos et al. (1979) using a Bio-Rad microfiltration apparatus. Essentially, DNA was denatured by boiling for 2 rain in 0.2 M-NaOH, chilling in ice/ethanol and diluting to 0.02 M-NaOH in ice-cold 'AnalaR' water (BDH). SSC was added to 6 × and 40 ng DNA was applied per well onto the nitrocellulose which had been pretreated with 20 x SSC, under moderate vacuum. Several replicate spots were applied for each sample. The filter was then rinsed four times with 6 × SSC, air-dried and baked for 2 h at 80 °C. The hybridization step was carried out in a similar fashion to Southern blot hybridization but using different formamide concentrations. The posthybridization washes were also adjusted so that temperatures equivalent to the stringency of the hybridization conditions were used (Howley et al., 1979) . After exposure to X-ray film the radioactive spots were cut from the filter and counted in a liquid scintillation counter.
RESULTS

Restriction endonuclease analysis of PfMNPV and MbMNP V DNA
The DNA purified from each virus was digested with BamHI, BglII, HindIII, SmaI and XhoI. The PfMNPV DNA was also digested with KpnI. The DNA fragments were end-labelled with 3 zp in vitro and then analysed in 0.6 % agarose gels ( Fig (Table 1 : PfMNPV; Table  2 : MbMNPV). Where necessary large DNA fragments uniformly radiolabelled by nick repair were isolated from an LGT agarose gel and redigested with a second enzyme to estimate their size. The total genome size of PfMNPV was estimated to be 145 kbp and that of MbMNPV 150 kbp. The gel profiles of restriction enzyme digest products from each virus are compared below.
Physical mapping of PfMNP V and MbMNPV genomes
Virus DNA was mapped using the restriction enzymes described above. The DNA was digested and radiolabelled to high specific activity using the nick repair method. This technique preserved the integrity of the DNA since deoxyribonuclease was not added to the reaction mixture. The radiolabelled DNA fragments were resolved in an LGT agarose gel and excised after drying the gel (see Methods). They were then digested with a second restriction enzyme and the products were analysed in another gel together with single digests of the virus DNA with the primary and secondary enzymes and a total genomic double digest. This procedure allowed the common end fragments in reciprocal double digests to be identified together with the secondary enzyme sites present in a particular primary digest fragment (Smith & Summers, 1979) . The construction of the maps was also facilitated by using cross blot hybridization to align restriction enzyme digest products (data not shown) (Loh et al., 1981 ; Whalley et al., 1981) . Combining all data from the double digestions and cross blot hybridizations permitted the construction of restriction maps ( Vlak & Smith (1982) outlined the conventions for orientation of baculovirus restriction maps. Their proposal was that maps have as a zero point the smallest restriction fragment containing the polyhedrin gene. The restriction maps presented here were drawn according to this scheme and the evidence for the assumption of positioning of the polyhedrin gene is presented below.
Orientation of the physical maps of PfMNP V and M b M N P V
The HindIII fragment V from A c M N P V contains polyhedrin gene sequences specific for the 3' end of the m R N A (Hooft van Iddekinge et al., 1983) . This fragment was purified from an agarose gel, nick-translated and hybridized to Southern blots of P f M N P V and M b M N P V D N A digested with XhoI or HindIII (Fig. 5) . sequences since MbMNPV HindlII fragment N is cleaved as determined from analysis of the restriction map (Fig. 4) . The site of the polyhedrin genes for each virus has been confirmed by DNA sequencing studies (unpublished data).
Homology between baculovirus DNAs
The degree of DNA homology between PfMNPV, MbMNPV and AcMNPV was assessed using dot blot hybridization methods (Kafatos et al., 1979; Smith & Summers, 1982) .
Unlabelled, denatured baculovirus DNA was fixed to nitrocellulose filters and hybridized with each nick-translated baculovirus DNA to provide reciprocal comparisons. Calf thymus DNA was also included as a control. Hybridizations were carried out in 20~ formamide and 50~ formamide. In 20~ formamide at 37 °C stable hybrids should be formed at 65~o sequence homology. In 509/oo formamide 85 ~ sequence homology is required for stable hybrid formation (Howley et al., 1979) . The radiolabelled DNA bound to the filters was quantified by counting the radioactivity. The results are presented in Table 3 . The control calf thymus DNA bound fewer than 40 c,p.m, and thus represented less than 0.5~ homology with the baculovirus DNA. A similar low level of hybridization was detected using M. brassicae DNA from uninfected larvae (data not shown). The AcMNPV DNA had about 6~ sequence homology in 20~ formamide and 1 to 2~ homology in 50~ formamide with both PfMNPV and MbMNPV. However PfMNPV and MbMNPV were virtually 100~o homologous at 20~o formamide in reciprocal comparisons. This decreased to about 70 ~ homology in 50 ~ formamide. To assess whether the variation was due to localized differences or an overall reduction in homology, Southern blot hybridizations were carried out where PfMNPV and MbMNPV HindlII digests were compared in reciprocal crosses. There was no evidence for localized variation; every fragment hybridized to the heterologous DNA probe (data not shown). Therefore the 70~ homology between PfMNPV and MbMNPV DNAs at 50~ formamide seen in dot blots probably represents a uniform level of similarity throughout the two genomes.
Cross blot hybridization comparison between PfMNPV and MbMNPV
The dot blot comparison revealed 70~ homology between PfMNPV and MbMNPV at 50~ formamide. This level of similarity suggested that a cross blot hybridization comparison between the two viruses was feasible. The technique was used in the restriction mapping and served to identify restriction enzyme fragments with common sequences thus facilitating alignment of the sites. In this comparison PfMNPV was digested with XhoI and used to produce the first dimension for the cross blot. The MbMNPV DNA was digested with XhoI and radiolabelled to high specific activity. It was then fractionated in a gel and cross blotted onto the first dimension. and C and K which was evident on both sides of the diagonal. With MbMNPV it was adjudged that the internal cross hybridization was not significant. Therefore interpretation of data from cross blot hybridization between the two viruses was not likely to be complicated by reiterated sequences. Fig. 7 shows the heterologous comparison between XhoI digests of the two virus DNAs. The absence of a clear diagonal line of spots shows variation between restriction enzyme digest products and illustrates the problems in assuming that comigrating DNA fragments are identical. However, the scatter of spots does confirm the extensive homology between different sizes of restriction fragments. The data from the PfMNPV/MbMNPV cross blot were used to align the two genomes. The PfMNPV was taken as the standard and the MbMNPV fragments aligned with it (Fig. 8) . Although the MbMNPV fragments are not drawn strictly to scale the order is the same as the previously determined restriction map (Fig. 1) . Only the MbMNPV XhoI fragments V and X could not be aligned with confidence to the PfMNPV genome. The construction of restriction endonuclease maps of virus DNA forms the basis for more advanced molecular studies on baculoviruses and also provides a precise way of identifying different isolates and relating them to those already known. Where the viruses being compared are closely related, such as those of the AcMNPV complex (Miller & Dawes, 1978; Smith & Summers, 1979; Summers et al., 1980; Brown et al., 1984 Brown et al., , 1985 , it is sufficient to run restriction endonuclease digests of the virus genomes simultaneously to highlight variation. However, when two viruses are quite dissimilar it is necessary to use DNA hybridization techniques to identify regions of homology betv(een them. This approach was successfully used in the comparisons between AcMNPV and Orgyia pseudotsugata MNPV (Leisy et al., 1984) and AcMNPV with Choristoneura fumiferana MNPV (Arif et al., 1985) .
~S J G PVL H D XM C E O F I O I
In this study the DNAs isolated from PfMNPV and MbMNPV were analysed using restriction endonucleases. The size of the PfMNPV genome was estimated to be 145 kbp and that of MbMNPV slightly larger at 150 kbp. The sizes of DNA fragments from each virus after digestion with BamHI, BglII and Sinai were quite different as determined from the estimations made in separate agarose gels for measuring the length of the virus genomes. When the fragments produced after digestion with HindlII or XhoI were compared on the same gel very few comigrating fragments were observed either. By this procedure the two viruses appeared quite dissimilar. This conclusion was reinforced after the construction of the restriction maps for both of the virus DNAs. The maps were aligned by identifying the putative polyhedrin gene for each virus after Southern blot hybridization analysis of the PfMNPV and MbMNPV DNAs with a polyhedrin-specific DNA fragment from AcMNPV. The availability of these maps will render identification of field isolates from pesticide control trials easier and also provide a baseline for measuring genetic variation in both viruses.
The use of restriction enzymes for comparing the virus DNAs is too stringent a criterion for deducing genetic relatedness since only a very small proportion of the genome is sampled and a single nucleotide change can alter the cleavage pattern of the DNA produced by the enzyme. Therefore PfMNPV and MbMNPV DNAs were compared using hybridization metliods to facilitate a broader comparison of the whole genomes. The two viruses share little DNA homology with AcMNPV as determined by dot blot hybridization analysis. In 20% formamide about 6 % homology was detected and this decreased to 2 % in 50 % formamide. This is probably an underestimate since homology at the sequence level is usually greater than can be detected by hybridization analysis. This has been elegantly illustrated in studies carried out on papovaviruses where analysis of the sequence data for simian virus 40, BK virus and polyoma virus showed that each virus species has evolved from a common ancestor (Soeda et al., 1980) . This type of relationship had not been detected using hybridization techniques (Howley et al., 1979) .
However, PfMNPV and MbMNPV were 100%/oo homologous at 20%/00 formamide and 70% homologous at 50 % formamide. This amount of homology suggested a much closer relationship between the two viruses than expected. In order to investigate this further we carried out a cross blot hybridization comparison between the virus DNAs to allow the two restriction maps to be aligned and so detect any major rearrangements. The results suggest that at this level of detection the order of genes in each virus is the same, which reinforces the close similarity observed in the dot blot data. An interesting result was the detection of some hybridization between regions of the PfMNPV genome. Although very faint this suggests some reiteration of DNA sequences. Whether these are homologous regions as identified in AcMNPV remains to be determined (Cochran & Faulkner, 1983-; Guarino et al., 1986) . The most extensive comparison of different baculovirus genomes carried out so far was by Smith & Summers (1982) where 18 isolates were analysed. MbMNPV was included in that study and showed 2% homology with AcMNPV at 50% formamide and 90% with Heliothis armigera (Ha) MNPV (reciprocal comparisons were not done). The Netherlands strain of MbMNPV used in that study is closely related to our Oxford strain as judged by restriction enzyme profiles (Brown et al., 1981) . Therefore the new PfMNPV isolate would probably also share high sequence homology with HaMNPV. An isolate of MbMNPV from S. exigua has been analysed with restriction enzymes and a physical map constructed (Wiegers & Vlak, 1984) . By analysing the map of this virus DNA and comparing it with the MbMNPV (Oxford) strain it is apparent that the two viruses are distinct. The MbMNPV (ex S. exigua) strain is also different from the new PfMNPV isolate described in this report. A three-way comparison between them would be illuminating, both with respect to biochemical characteristics and biological features such as host range and virulence.
At present baculoviruses are usually named after the insect from which they were originally isolated. That PfMNPV and MbMNPV can replicate in the heterologous host insects highlights the fact that it is probably only chance that has resulted in the isolation of these viruses from the original hosts and thus led to their present nomenclature. AcMNPV and TnMNPV are other example of viruses which are virtually identical based on genetic considerations yet were isolated from different hosts and so bear distinct names (Miller & Dawes, 1978; Smith & Summers, 1979) . It is evident that detailed molecular characterization of any new baculovirus isolate is required to establish quickly any relatedness to known strains.
Baculoviruses such as PfMNPV are already used as insect control agents (Entwistle & Evans, 1987) . The advent of genetic engineering has led to the possibility of modifying these viruses to improve their efficacy as insecticides. In the first instance baculoviruses (e.g. AcMNPV) are currently being labelled with synthetic DNA to facilitate monitoring their spread within the environment (Bishop, 1986) . The design of such viruses relies on a detailed knowledge of the genetic organization of their genomes and ultimately the nucleotide sequence in the region where modifications are to be made. The data presented in this report will allow us to begin similar work with two viruses which have already been used as natural virus insecticides and so have a special attraction as candidates for genetic manipulation.
